Abstract. The paper focuses on the practical implementation of a novel control method to an automotive suspension system using active force control (AFC) with iterative learning algorithm (ILA) and proportional-integral-derivative (PID) control strategy. The overall control system to be known as AFC-IL scheme essentially comprises three feedback control loops to cater for a number of specific tasks, namely, the innermost loop for the force tracking of the pneumatic actuator using PI controller, intermediate loops applying AFC with ILA strategy for the compensation of the disturbances and the outermost loop using PID controller for the computation of the desired force. A number of experiments were carried out on a physical test rig with hardware-in-the-loop simulation (HILS) feature that fully incorporates the theoretical elements. The performance of the proposed control method was evaluated and benchmarked to examine the effectiveness of the system in suppressing the vibration effect of the suspension system. It was found that the experimental results demonstrate the superiority of the active suspension system with proposed AFC-IL scheme compared to the PID and passive counterparts.
Introduction
In any vehicle suspension system, there are a number of performance parameters that need to be optimized when come to improving ride comfort. Four important parameters of considerable interest are: (i) ride comfort which is related to acceleration sensed by passengers in the vehicle when traversing a rough road surface, (ii) body motion which is associated with the pitch and roll of the sprung mass created primarily by cornering and braking maneuvers, (iii) road handling which can be related to the contact force between the tyres and road surface, and (iv) suspension deflection which refers to the relative displacement between the sprung and unsprung masses [1] .
To solve the problems in suspension systems, many researchers have studied numerous active vehicle suspension strategies both theoretically and experimentally [2] [3] [4] [5] [6] . Many of these approaches are proposed for complicated models with non-linearity and uncertainty. Numerical and experimental results showed that such active suspension systems give relatively more satisfactory performance, but at the expense of increasing more loads to achieve active control, compared with the linear active suspension systems as reported in [7] . Intelligent control of suspension system was also proposed using fuzzy logic [8] and neural network [9] . Both methods use the intelligent mechanisms as direct or main controllers and are found to be rather time consuming to design and implement, particularly in acquiring the appropriate membership functions plus inference mechanism (for fuzzy logic control) and training parameters plus optimum network structure (for neural network control).
The objective of this paper is to design a practical HILS technique to reduce the sprung mass motion of a quarter car vehicle active suspension system with the proposed AFC-IL scheme. The performance of the vehicle suspension system is evaluated in terms of its ability to significantly reduce the sprung mass acceleration and sprung mass displacement, in the presence of road disturbances and given operating conditions.
Design of the Control Scheme
The complete proposed strategy called the AFC with ILA (AFC-IL) control strategy is shown schematically in Fig. 1 . The overall control system essentially comprises three feedback control loops to cater for a number of specific tasks, namely the innermost loop for the force tracking of the actuator using PI controller, the intermediate loops applying AFC strategy for the compensation of the disturbances, and the outermost loop using PID controller for the computation of the desired force.
Fig. 1 AFC scheme strategy
Force Tracking Control Loop. The majority of the existing literatures assume that the commanded force can be achieved accurately without considering actuator dynamics [10] . In realtime implementation, however, the actuator dynamics can be complicated and the interaction between the actuator and the vehicle suspension cannot be ignored. In this research, the actuator is of pneumatic type. It is also difficult to produce the actuator force close to the target force without implementing the inner loop or force tracking controller [11] . This is due to the fact that the pneumatic actuator exhibits nonlinear behavior resulted from the valve dynamics and the unwanted effects of back-pressure due to the interaction between the actuator and vehicle suspension system. The work on the force tracking controller of pneumatic actuator can be found in [12] . The nonlinear pneumatic actuator model consists of the valve dynamics and the interaction of piston-cylinder. The force tracking control of the actuator model is then performed using the PI controller as shown in Fig. 2 .
Fig 2 Force tracking PI control of actuator
In this configuration, the inner loop controller must be able to track the optimum target force of the pneumatic actuator. Once the inner loop controller of the actuator is able to track well the target force with an acceptable error, they are then integrated with the outer control loop. In order to get appropriate values of P and I constants, a heuristic approach was used.
AFC with ILA Control Loop. The idea of AFC has been in existence for more than three decades. AFC is known as a robust disturbance compensator and is superior compared to other conventional methods in dealing with various types of disturbances [13] . It is a very simple scheme that suitable to be applied to a plant that we wish to control in the presence of disturbance. Applying a simple Newton Law, AFC will react to estimate the disturbance occur at some instant, and give an appropriate signal to the actuator to counter the corresponding disturbance force. There are two 802 4th Mechanical and Manufacturing Engineering main parameters in AFC which needs some intelligent method to estimate. One is the estimated mass, and second is the inverse dynamic of the actuator Fig. 3 shows the AFC loop in the controller scheme.
Fig. 3 AFC loop
The main challenge to fully operate AFC in the loop is to estimate the virtual mass of the system. In this case, ILA introduced in [14] is used to estimate the mass while the system operates. ILA makes use the human ability to learn from previous error on a repeating task. A good tuning in the learning parameter will provide a good convergence of desired output as reported by [15] . This simple algorithm helps to reduce the delay in the control scheme because of the simplicity. Arimototype IL algorithm was applied using constant learning parameter similar to the PID approach using the PID-type gains. These constant learning parameters are considered in order to accelerate the convergence of the algorithm to reach the zero error or error goal with smallest number of iteration possible. The equations are given by: Where y k is the current value of the output, y k+1 is next value of the output, e k is the current error, ϕ, ψ, Γ and are the suitable proportional, integral and derivative learning parameters respectively. Tuning has been done to obtain suitable learning parameters. The results are shown in Fig. 4 where it can seen that the algorithm without the integral learning parameter converges sufficiently. 
and e is the error between the reference and the output system, T i is the integral time, T d is derivative time and K p , K i , and K d are proportional, integral and derivative gains, respectively. In digital control, and for a small time sampling (T s ), the equation can be approximated as follows [12] :
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where the index, n refers to the time instant. The input of the outermost loop controller is the body displacement error signal whereas the output is the target force that must be tracked by the pneumatic actuator. Again, the values of the proportional, integral and derivative gains of the PID controller were determined using heuristic analysis method. The resulting PID controller gains for the outermost loop were obtained as K p = 80, K i = 100 and K d = 50. All the elements in the overall control system are configured using a HILS set up using MATLAB/Simulink and Real Time Workshop (RTW) feature for the real-time implementation through the developed experimental suspension test rig. A schematic of the experimental set-up given in Fig. 5 and a photograph of the actual rig are given in Fig. 6 . 
Experimental Results
In this section, the benefits of active suspension using AFC-IL scheme over passive suspension and active suspension using PID controller for a sinusoidal road input frequency 1.5 Hz, amplitude 5 cm is investigated by experimental studies. The results can be seen in Fig. 7 where in the active suspension results, the PID only controller used in the first 20 s and the AFC-IL scheme activated in the next 20 s. The result of sprung mass body acceleration is taken from an accelerometer attached at the mass and with two time integration on the acceleration signal, we get the body displacement. 
Conclusion
A novel controller employing the AFC-IL control has been designed and practically implemented for the control of a vehicle quarter car active suspension. From the experimental results, it can be deduced that the active suspension based on AFC-IL controller outperforms the PID controller and passive suspension in term of compensating the body movement which contribute to improvement of ride comfort. Future works may include more effort in improving the performance and considering other operating and loading conditions.
